Two silicalite samples, S 1 and S 2 , were prepared hydrothermally in the presence of tetrapropylammonium bromide (TPA-Br) and tetrabutylammonium bromide (TBA-Br), respectively. Cobalt oxide, copper oxide or silver oxide (all at 10 wt% concentration) were incorporated into the S 1 and S 2 silicalites by impregnation methods. The structural and textural properties of the prepared samples were studied using a variety of techniques together with their ability to catalyze the oxidation of CO. The results obtained indicated that S 1 and S 2 existed as pure phases with structures analogous to those of ZSM-5 and ZSM-11 zeolites, respectively. Electron microscopic analysis showed that the crystalline morphology of S 1 and S 2 consisted of intergrown discs and shelf-like shapes with diameters in the range 10-15 mm and 29-33 mm, respectively. Differences noted during kinetic studies of CO oxidation over the prepared samples were discussed.
INTRODUCTION
Zeolite studies have proved to be one of the most rewarding fields of research for catalysis and adsorption during recent years. This may be attributed to the fact that the dimensional crystalline lattices of these silica-alumina materials may be modified relatively easily to provide a range of structures and chemical compositions, thereby allowing complex investigations of their catalytic and sorption properties. Recently, the generic name 'pentasil-zeolite' has been proposed to encompass all members of the family of high silica zeolites (Kokotailo and Meier 1979) . The end members of this family are the so-called ZSM-5 and ZSM-11 zeolites whose structures have been detailed in the literature (Kokotailo et al. 1978a,b) and consist of novel configurations of tetrahedra linked through four-, five-and six-membered rings. The overall frameworks of the zeolites enclose a twodimensional system of intersecting channels with 10-membered rings controlling the pore size. Both sets of channels are straight in ZSM-11 whereas in ZSM-5 one set is straight and the other sinusoidal leading to pore openings of ca. 0.6 nm diameter.
The synthetic zeolite ZSM-5 and its delaminated analogue silicalite have well-known catalytic and shape-selective properties. They have been used for the conversion of methanol to high quality gasoline, the isomerization of xylene and the synthesis of alkylbenzene (Ono and Kanae 1991; Hendrik et al. 1992) . According to the patent literature, ZSM-11 appears to exhibit similar catalytic properties, at least with respect to reaction selectivity (Crea et al. 1991) .
Transition metal-exchanged and/or loaded zeolites have been studied experimentally as catalysts for several redox reactions. These studies have concentrated mainly on the oxidation of CO and the reduction of NO x , both important for the control of emissions from combustion *E-mail: faridsh@mum.mans.eun.eg.
processes (Fu et al. 1980; Ledlise et al. 1984; Aparicio et al. 1988; Aparicio and Dumesic 1989) . The catalytic activities of these materials depend markedly on prior treatment. Thus, with respect to oxidation reactions, the activity is in general enhanced by the presence of transition metal ions. The degree of enhancement depends on the nature of the reaction, the nature and oxidation state of the metal ion and on the method employed for catalyst preparation. The latter is particularly true when the catalytic activity is believed to arise from a cluster rather than from isolated metal ions (Miro and Petunchi 1992; Ione and Bobrov 1979; Dovydova et al. 1975; Smith 1976) . The distribution of metal ions on sites within the zeolite framework is also of interest since ions located on sites inaccessible to reactants can mask the true activity of the material (Wu et al. 1979) .
The present study was directed towards investigating the effect of loading 10 wt% cobalt, copper or silver oxides on the structural and textural properties of two high-silica zeolites, with the differences in catalytic activities of these materials towards CO oxidation also being discussed.
EXPERIMENTAL

Materials
The two silicalites, S 1 and S 2 , were prepared in stainless steel autoclaves of 1000 cm 3 capacity using autogeneous pressure at 463 K under static conditions. The batch compositions of the two silicalite samples were characterized by the following molar ratios: for S 1 , SiO 2 :0.04TPA + :20H 2 O; for S 2 , SiO 2 :0.40TBA + :20H 2 O, where TPA + and TBA + denote tetrapropylammonium and tetrabutylammonium cations, respectively. Reaction mixtures were prepared by dissolving the appropriate amounts of sodium silicate (Na 2 O SiO 2 5H 2 O) in 200 g distilled water. Appropriate amounts of each of the TPA-Br and TBA-Br salts were also dissolved separately in 50 g of distilled water. These salt solutions were then mixed with the sodium silicate solutions with stirring, which was continued until the reaction mixture had achieved a uniform consistency. The pH values of the resulting slurries were maintained at 9.0 through the addition of 2 M H 2 SO 4 whilst sampling was in progress. The gels were aged hydrothermally for 2 h at 463 K after which the autoclaves were quenched and the solid and liquid phases separated. The solid products obtained were washed with distilled water, dried at 378 K for 8 h and then calcined in an air furnace at 873 K for 6 h.
Silicalite samples loaded with 10 wt% Co 2 O 3 , CuO or Ag 2 O were prepared by impregnating samples S 1 and S 2 with the requisite quantities of aqueous solutions of cobalt nitrate, copper nitrate or silver nitrate, respectively. The resulting materials were dried at 383 K for 8 h and then calcined in an air furnace at 873 K for 6 h.
Methods
X-Ray diffraction patterns were recorded on a Philips PW 1840 diffractometer using filtered Cu Ka radiation, while morphologies and crystallite sizes were determined using an SEM ISI-100 scanning electron microscope. Nitrogen adsorption studies were performed at 77 K using a conventional volumetric technique after sample activation overnight in vacuum (10 -6 Torr, 623 K).
The catalytic activities of the various prepared samples for the CO oxidation reaction with oxygen were measured at atmospheric pressure at temperatures between 400 K and 873 K using a flow reactor (8 mm diameter) in which 0.2 g catalyst diluted with glass beads was placed. The gaseous reactants (CO and O 2 ) were maintained at partial pressures of 165 Torr and 8 Torr, respectively, with nitrogen gas being employed to adjust the total pressure to 760 Torr. All gases were supplied from appropriate cylinders to a gas manifold and then passed into the reactor. The reaction products were analyzed by gas chromatography.
RESULTS AND DISCUSSION
Textural properties
As expected, the various syntheses employed yielded samples S 1 and S 2 containing Pr 4 NBr and Bu 4 NBr, respectively. This was demonstrated by the X-ray diffraction patterns obtained for the two samples as depicted in Figures 1 and 2 , respectively. These diffraction patterns are very similar to those reported by Kokotailo et al. (1978a,b) with only a small background, thereby demonstrating that the two products were fully crystalline exhibiting pure ZSM-5 and ZSM-11 structures without the formation of ZSM-5/-11 mixed phases. For comparison, Figures 1 and 2 also include the X-ray diffractograms for the various metal oxide-impregnated samples prepared. From the changes in the diffraction patterns for these samples, it will be seen that as the atomic radius of the element introduced by impregnation decreased, the amount of amorphous material in the samples decreased whilst the percentage crystallinity of the samples (relative to 100% crystalline ZSM-5 and ZSM-11 zeolites) increased. Figures 3(a) and (b) depict the scanning electron micrographs obtained for S 1 and S 2 , respectively. It will be observed that the two samples exhibited different morphologies, the synthesis of S 1 leading to twinned crystals with an intergrown disc shape of 10-13 mm size, whilst S 2 also exhibited twinned crystals but with a rod shape of various sizes in the range 29-33 mm. Each sample exhibited a single morphology thereby confirming the X-ray diffraction results that a second crystalline phase was absent.
All the metal oxide-impregnated samples exhibited similar morphologies with small particles located on the exterior surfaces of larger particles. A typical example is shown in Figure 4 , which shows the scanning electron micrograph obtained for the Co 2 O 3 -loaded S 1 sample. The particles located on the external surface and clearly visible in this micrograph could be deposits of the metal oxide.
Nitrogen adsorption isotherms of the samples investigated are depicted in Figures 5(a) and (b). All exhibit an isotherm shape typical for microporous materials, although impregnation with Co 2 O 3 , CuO or Ag 2 O led in all cases to lower values of adsorbed nitrogen even though the same isotherm shape was maintained. The specific surface areas, S BET (m 2 /g), of all the samples were determined from their respective adsorption isotherms by applying the BET equation (Brunauer et al. 1938 ), adopting 0.162 nm 2 as the cross-sectional area of the nitrogen molecule at 77 K. Another important textural parameter, i.e. the micropore volume (V 0 ), was determined using the Dubinin-Radushkevich (DR) equation (Dubinin and Radushkevich 1947) in conjunction with the adsorption data.
The various textural parameters obtained for the samples studied are listed in Table 1 . The t-method was also employed to differentiate between the types of pores existing in each sample, the reference t-curves for a related non-porous material necessary for computational purposes being those reported by Johnson (1978) . The t-plots obtained (not illustrated) indicated the predominance of a microporous structure in all the samples studied. The corresponding surface area, S t (m 2 /g), was calculated from the slope of the linear part of the plots passing through the origin. The various parameters obtained from the t-method (S t , S micro , S meso and V t ) are also listed in Table 1 for comparative purposes. Inspection of the data listed in this table leads to the following conclusions:
1. Despite the use of three independent methods of calculation, all the values of the specific surface area and total micropore volumes listed are comparable. This demonstrates that the values cited describe the textural properties of the various samples in a satisfactory manner. 2. For the same percentage impregnation, the decreases in the specific surface area (S BET ) and micropore volume (V 0 ) were more significant for the samples impregnated with Ag 2 O than for those impregnated with the other metal oxides studied. This result shows that changes in the porous structure also depended on the types of metallic element employed in the impregnation process and also probably on their atomic radii. 3. Finally, whilst the micropore surface areas decreased dramatically on impregnating the two silicalite samples with metal oxides, their mesopore surface areas only diminished slightly with sample impregnation. Nitrogen adsorption data were also used in conjunction with the Sito-Foley model (Sito and Foley 1991) to obtain the effective pore sizes for the different samples. In this method, the pore size distribution is obtained by plotting the pore size distribution function versus the pore radius. The data thus obtained for the various samples are depicted in Figures 6(a) and (b) and illustrate that only one maximum (unimodal pore distribution) was exhibited in each case. This demonstrates that the samples contained a large number of pores within a specific size (micropore) range and supports our explanation for the change in textural properties induced in the two silicalite samples by impregnation with various metal oxides. Hence the addition of 10 wt% metal oxide to each silicalite sample led to a decrease in the corresponding pore diameter.
Catalytic properties
Kinetic studies regarding the influence of the various samples as catalysts for the oxidation of CO were undertaken at temperatures over the range 673-873 K for the unloaded silicalites and over the range 373-623 K for the metal oxide-loaded silicalites, respectively. In all cases, CO conversion was limited to 20% and the reaction rates calculated on the basis of the differential behaviour as confirmed by the linearity of the plots of percentage conversion versus contact time. The reaction orders were determined by changing the partial pressures of the reactants, the rate laws thereby found for all samples being close to first order in CO and close to zero order in O 2 . The results obtained also showed that the catalytic activities of the unloaded samples were strongly enhanced Figure 7) , the values obtained depending on the type of metal oxide impregnant and lying in the range 61.18-83.14 kJ/mol (see column 3 of Table 2 ).
The mechanism for CO oxidation over oxides may involve the adsorption of CO and O 2 (or NO or N 2 O) with subsequent reaction of the adsorbed species or reduction and oxidation of the metal in which surface carbonates may act as intermediates (Hertl 1973; Klier 1967; Tagiev and Minachev 1981; Petunchi and Hall 1982) . The rate laws measured in the present study could be in agreement with an adsorption-desorption-type mechanism in which gaseous as well as lattice oxygen participate in the catalytic oxidation of CO (Forster and Schumann 1987; Matsumura et al. 1992) .
The presence of specific adsorption centres on the catalytic surface may represent adsorption sites for CO oxidation in the present study. These are evidently Lewis acid centres on the surface on which the adsorption of CO may be considered as the rate-determining step in the process. From the above discussion, the simplest mechanism for the oxidation of CO may be summarized as shown below: 
